We present measurements of angular resolved light scattering on ensembles of large dust aggregates grown via a cluster-cluster aggregation (CCA). The aggregates consist of up to 100 spherical 0.75 lm radius SiO 2 particles. The wavelength of incident radiation is 680 nm, corresponding to a size parameter of x ¼ 6:93 for the individual spheres. Interaction between neighboring particles changes the intensity and polarization of scattered light significantly, although the individual spheres are large. In addition to these short-range interactions, there is also a long-range interaction. This can best be described in terms of multiple scattering within individual aggregates, and it partly counteracts the effects of the short-range interactions. These results have a significant effect on the analysis of astronomical observations, for example of protoplanetary disks. The data show that large aggregates even as fluffy as CCA aggregates scatter much more diffusely than might be assumed. Light scattering by large aggregates is not just the sum of individual spheres or small interacting portions of the aggregates as independent scattering centers. We apply the results to HK Tau B and IRAS 04302+2247. The effects found might also be of importance to atmospheric aerosols. Since large aggregates will scatter more radiation backward than smaller aggregates, they may influence the energy budget of Earth or other planets, and therefore this work has some relevance for climate modeling.
INTRODUCTION
The technological advances in astronomy provide evergrowing data on cosmic sources that contain aggregates or clusters of agglomerated primary dust particles. Dust aggregates play an important role in solar system phenomena such as the zodiacal light and comets, as well as in common galactic objects such as protoplanetary disks and evolved planetary systems (Hadamcik et al. 2002; Nakamura & Okamoto 1999; Petrova, Jockers, & Kiselev 2001; . In this paper, we predominantly think in terms of protoplanetary disks. For simplicity, we use the term '' dust particles '' for what are properly aggregates of many particles. Part of the observed radiation from protoplanetary disks has to be attributed to the interaction of light with individual dust particles. Radiation transport and therefore the accumulated effect of light scattering on whole particle ensembles contributes further to the observed signals (Ueta & Meixner 2003; Wolf 2003) . In any case, a quantitative analysis of the data as well as a treatment of physical processes such as radiation transport in disks requires knowledge of the optical properties of the dust particles. In particular, it requires knowledge of the angular distribution of scattered light with respect to intensity and polarization.
Modeling the dust and its optical properties involves many parameters. Besides taking into account well-chosen mixtures of different materials with optical constants ranging from moderate (silicates) to rather strongly absorbing (carbonaceous material), the size and morphology of the dust particles are also important (Dorschner & Henning 1995; Kimura, Mann, & Jessberger 2003; Dorschner 2001; Kimura 2001) .
In addition, the dust properties in protoplanetary disks are not static. The particle density is sufficiently high that single solid particles collide, stick together, and form larger aggregates. In fact, it is widely accepted that this kind of evolution marks the onset of planet formation (Beckwith, Henning, & Nakagawa 2000; Weidenschilling & Ruzmaikina 1994) . Within the outer regions of the disks, which are less dense but still dense enough, this aggregation of small (sub)micron primary dust particles will continue even while planets already roam the inner parts of the systems. Most observations are still restricted to the outer parts, including bright lobes flanking the disk, and therefore data are gathered on these growing dust aggregates. Thus, dust aggregates of varying overall size influence the observations of protoplanetary disks.
Computer simulations as well as experiments leave little doubt that the initial aggregation process is a cluster-cluster type of particle growth Ossenkopf 1993; Wurm & Blum 1998; Meakin 1991) . Details can be found in the references given. However, in short this means that an initial particle cloud of individual small particles will evolve to a cloud of rather fluffy aggregates. An example aggregate taken from previous experiments is shown in Figure 1 (Heim 2000) .
On average, aggregates (clusters) of the same size will collide with each other, hence the name cluster-cluster aggregation (CCA). In a CCA aggregate the small dust particles that are the building blocks (hereafter called monomers) are connected to only 2-3 neighbors. As can be seen in Figure 1 , CCA aggregates otherwise have large void areas surrounding the monomers.
One might ask how aggregation changes the optical properties of a dust cloud, if growth would be the only change induced in a dust distribution or, for example, the only variation for different protoplanetary disks. This is equivalent to asking how the optical properties of a dust aggregate depend on its different size scales.
The monomers in protoplanetary disks are supposed to be of submicron size. In so far as they are of interstellar origin, sizes r (radii) range around 100 nm Li & Greenberg 1997) . However, many monomers are reprocessed during the formation of the protoplanetary disk. Because of the high temperatures in protoplanetary disks, interstellar dust evaporates and dust particles recondense when the disk cools. Dust particles might then be a little larger because of the rather dense environment in which they form. The evidence in chondrites, the least altered meteorites, indicates that monomers might range up to above 1 lm in size (Toriumi 1989; Metzler & Bischoff 1996) . With 0.75 lm radius, the size of monomers used in our experiments is thus at least an appropriate choice to simulate aggregates in protoplanetary disks.
Depending on the wavelength, , studied, the size parameter, x, is defined by
It is thus much smaller than 1 for the large wavelengths from the IR onward, but can reach values around x ¼ 10 for visible wavelengths, which-even at times of satellite-based IR and UV astronomy-are of special importance, due to the nature of Sun-like stellar spectra, the transmittance of the Earth's atmosphere, etc.
There are many works elaborating on the details of lightaggregate interactions (e.g., Kimura 2001; Gustafson & Kolokolova 1999; Sorensen 2001) . These can be separated in the usual two approaches-experiment and theory. The latter is mostly based on the determination of optical properties by means of computer calculations. Kimura (2001) calculates angular resolved light scattering by aggregates consisting of up to 256 monomers with monomer size parameters up to x ¼ 1:57 for silicates, and 128 monomers with the same size parameter for carbonaceous CCA aggregates. Larger aggregates or aggregates consisting of larger monomers are beyond present computational capacity. However, it is also the larger aggregates that are important for protoplanetary disk observations.
As far as experiments are concerned, measurements have been carried out on CCA aggregates but mostly with similar kinds of restrictions, i.e., that monomers are small compared to the wavelength. Only some small-angle X-ray data exist for nanometer-sized particles, giving restricted insight into light scattering by large aggregates with large monomers (Martin, Schaefer, & Hurd 1986; Dimon et al. 1986; Sorensen 2001) .
Aggregates with larger size parameter monomers were studied by microwave analog experiments (Gustafson & Kolokolova 1999) . This is a perfect way to get all scattering parameters, including the phases of scattered radiation, for a given model scatterer. The disadvantage is that model aggregates are '' manufactured '' manually, and it is difficult to build representative aggregates, especially since large CCA aggregates are very fragile. It is even more difficult to see how a change in the aggregate size changes the optical properties as it would in a statistically distributed dust ensemble.
With the limitations of the approaches so far discussed and astrophysical motivation in mind, our aim is to measure the change of scattered light from a cloud of growing CCA aggregates directly and on '' real '' sized dust particles. The experiments and the data presented here are the result of follow-up studies on light scattering by cluster-cluster aggregates as discussed in . Although the results presented here are in agreement with our earlier data, the quantitatively better and larger data set shows some interesting new features, as outlined further on in this paper.
Once monomers are considered at size parameters much larger than 1 (x41), it is often argued that CCA aggregates will be more or less collections of independent scatterers (Martin, Schaefer, & Hurd 1986) . At most, a small-scale interaction is added to explain the data (Dimon et al. 1986 ). While our earlier data were consistent with this heuristic assumption within their limits, we now have to modify our view of the problem, especially for larger aggregates. What we propose here is that multiple scattering within an aggregate itself might play an important role once the aggregate has grown significantly beyond the small-scale interaction size indicated before. This is important even if CCA aggregates are rather fluffy with large voids. This is in contrast to light scattering by small fractal aggregates or aggregates consisting of particles that are small compared to the wavelength (Sorensen 2001) . Internal scattering seems to be of minor importance then. Once seen in our data, however, multiple scattering seems like a natural thing to consider.
Since aggregates in protoplanetary disks are similar to, and by parts certainly even much larger than those analyzed in our experiments, this effect might appear in observations and has to be considered in analyzing those observations.
EXPERIMENTAL APPROACH

Cluster-Cluster Aggregates
The growth of CCA aggregates is quite common in nature, not just in astrophysical applications (Meakin 1991) . However, it is quite uncommon to have available for laboratory studies aggregates consisting of monomers larger than a few hundred nanometers. This is especially valid as far as CCAs are concerned, which grow by collisions on ballistic trajectories. Having CCAs grown in that way requires the particles to be embedded in a dilute medium, i.e., gas under low pressure. Under this condition the particles tend to settle quickly. This means that essentially no growth to a significant size can be found in a 1 g laboratory if gravity is not accounted for and somehow counteracted. Furthermore, larger aggregates consisting of a few hundred large monomers are not stable under gravity. That means that even if they formed, once they settle onto a surface, gravitational torques will lead to inelastic deformations and so change the morphology of the aggregates (Wurm & Blum 1998; . A CCA thus has to be formed prior to an experiment analyzing it and, in general, it has to be studied while it is still in the gas phase (at low pressure!).
In recent years we have developed a way to deagglomerate a dust powder into its monomers under low pressure, which is nontrivial. We found that a turbomolecular pump is quite suitable to providing the necessary energy for the process (Blum et al. 1996) . We also found, unexpectedly, that the turbulence within the turbomolecular pump leads to a reagglomeration of the monomers. The aggregates within the pump grow via ballistic cluster-cluster aggregation (Wurm & Blum 1998) . Furthermore, the turbulence counteracts gravity, so that large aggregates can grow even in a 1 g laboratory. The data presented here have been taken at the ground-based laboratory in Jena. The growth within the turbomolecular pump is a fractal process. An important feature for fractal aggregate growth here is that the mass of an aggregate M increases with the size of the aggregate R by a power law with a fractal dimension D f as the power
For CCA growth, we get
In our experiments, a nozzle is placed at the outlet of the turbomolecular pump. This leads to a well-confined beam of aggregates within an adjacent vacuum chamber. We have characterized and used this aggregate beam for various things in the past (Wurm & Blum 1998 . Here the beam is used to measure the light scattering by ensembles of CCAs. The aggregate beam is most convenient for this purpose in several ways.
1. The beam is relatively dense. This provides a good signal-to-noise ratio for measurements at low light intensity. However, multiple scattering within the beam is still negligible .
2. At a given time, the aggregates within the beam provide a natural size distribution of aggregates for a certain mean size (Wurm & Blum 1998) . Probably no artificial averaging of aggregates measured individually can ever account for this natural averaging. Therefore, for a given mean mass the measured scattered light directly shows what would be expected for an aggregate ensemble, for example in protoplanetary disks.
3. At every moment the aggregate beam is a sample of the aggregates within the turbomolecular pump. Since the aggregates grow within the turbomolecular pump with time (in seconds), measurements on the aggregate beam are a direct tracing of aggregate ensembles with evolving mean size (Wurm & Blum 1998) .
It is straightforward to see how light-scattering measurements on a beam of these aggregates can be useful. Measuring at a certain scattering angle, the data will directly show the effect of aggregate growth on the signal. Only one parameter, the mean aggregate size, changes.
Aggregate Evolution with Time
The growth of larger aggregates with time can be seen on the sequence of images in Figure 2 . Imaging was done using a long-distance microscope. The average aggregate size is increasing with time t, where t ¼ 0 is set to the time of dust injection into the turbomolecular pump. We estimate the average aggregate size based on images as in Figure 2 and based on results from earlier experiments with the dust beam (Wurm & Blum 1998; Blum et al. 1996) , as follows.
Injection of a dust powder into the turbomolecular pump leads to a deagglomeration of the powder and dispersion of the particles (Blum et al. 1996) . At injection, the particles in the dust beam essentially consist of single monomers with a fraction of dimers (which consist of two monomers).
Over a series of experiments, the inner parts of the turbomolecular pump get covered with a dust layer, which in parts can be extensive after a long time (mm thickness). It is rather likely that the injection of dust particles and air frees some particles from this surface layer, which then add to the gas embedded particle reservoir for the aggregation process. Injecting just the gas without a dust sample results in a thin dust beam as proof of this process, although the intensity is not comparable to the intensity observed when we include a dust powder during injection.
We have analyzed the growth process within the turbomolecular pump in the past and found that it is a clustercluster aggregation (Wurm & Blum 1998) . This means that after particles have been stripped from the inner walls of the turbomolecular pump during injection, there is no ongoing stripping of particles later on. Otherwise, the process would be a particle-cluster aggregation (PCA), which would clearly be visible in the aggregate morphology for large aggregates. Nevertheless, the initial distribution of particles entrained in the turbulent gas within the turbomolecular pump is a mixture. It consists of the monomers and dimers deagglomerated from the injected powder and of particles stripped from the walls. We have no direct measurements of the morphology of the latter. The resolution of our microscopic system used to observe the dust beam is not high enough to decipher the morphology of very small aggregates. In addition, during the first second the dust velocity is above several m s À1 , which blurs the particle images to lines. To illuminate the particles we use a flash lamp that has a short but finite pulse length of approximately 0.5 ls.
However, we can conclude that the aggregates are small because of the finite extent of the blurred images (width of lines). They can be no larger than 2-3 lm. This would be consistent with the particles from the wall being mostly monomers, but in the worst case the images allow for a few very small aggregates. Linear dimensions could at maximum be two-monomer sized. There are additional restrictions for the aggregates. We can rule out the possibility that these aggregates are in their most compact geometry. As part of the initial aggregate distribution they would show up as the smallest units in larger aggregates grown from these aggregates. We never observed very compact units as the smallest units when we analyzed aggregates with higher resolution microscopy. The chains (e.g., Fig. 1 ) would have to be thicker strands of compact aggregates. Some compact centers (also visible in Fig. 1 ) might exist. But being rather rare, they do not dominate the dust distribution.
We thus conclude that the aggregates could consist of several monomers already joined in the beginning, but they would not be compact. Considering that for aggregates consisting of less than 15-20 monomers the influence of the growth mechanism (CCA or PCA) on the aggregate morphologies can be neglected (Ossenkopf 1993) , even the small aggregates stripped from the wall would thus look similar. This means that the growth can be regarded as a CCA process over the whole time.
At injection, the mean aggregates are smaller than approximately five-monomer aggregates. At t ¼ 1 s after injection, the aggregates have grown on average (regarding geometrical cross section) to a size of approximately 5 lm, corresponding to a monomer number per aggregate of %10. The aggregates continue to grow with time and can reach sizes of 50 lm after t ¼ 7 s. The largest aggregate shown in Figure 2 , at frame 7 (t ¼ 7 s), is roughly of that size and consists of 200-300 monomers. On average the aggregates are smaller, but since the geometrical cross section dominates the light-scattering signal, the large particles weigh more. At 6 s after injection the average aggregate is about 20 lm in size, consisting of approximately 100 monomers. The time evolution of the average particle mass M av for a CCA growth can be approximated by an exponential behavior (Wurm 1997) . A function consistent with the above quoted numbers would be
where t is in seconds and M av is in monomer masses.
Light Scattering Setup
The setup is similar to that reported in our earlier paper . Learning from the first setup and aiming to analyze larger aggregates, we made several improvements. This included building a new vacuum chamber, using a different nozzle for beam generation, and upgrading the optics we used. A schematic of the experiment can be seen in Figure 3 .
As in our earlier experiments we used a red laser diode (680 nm) as a light source. We polarized the incoming light to 45 with respect to the scattering plane. The given setup uses two detectors (avalanche diodes), which measure the scattered light intensities polarized orthogonal and parallel to the scattering plane with the aid of a Thompson prism. Amplification of the detectors was set to equal values. A reference detector was placed at 90 in the scattering plane Fig. 2. -Images of aggregates at times t after the injection of dust. Times are marked in the frames. It can be seen that the mean aggregate size increases with time. It should be noted that for light scattering the signals are essentially dependent on the geometric cross sections. The mean aggregate surface (equivalent to mass for CCA particles) is thus a more suitable quantity than the mean particle size. This means that a few big aggregates, as seen on frame 7 (t ¼ 7 s), can be equivalent to several smaller ones in terms of the intensity of scattered light.
to account for the changing particle number density in the aggregate beam.
The data were taken as a function of scattering angle. In a single experiment, the signal detectors are placed at a fixed scattering angle. A certain amount of dust powder ($100 mg) and a constant amount of gas (6 ml air at atmospheric pressure) were injected for each experiment. The amount of dust is not critical for the growth process as long as it is above a certain limit. This has always been the case here. The minimum amount of dust needed is determined by the maximum possible dust to gas mass density ratio. As shown in a previous study, there is a limit in the dust to gas mass ratio at a factor of about 1 (Wurm & Blum 1998 ). In the beginning, the dust density within the pump will adjust to this value. If there is more dust, then the gas no longer determines the motion of the dust particles but will rather be dragged along by the particles. Then a dust particle is not just a '' test '' particle, but the collective dust motion will prevail. Dust will collide with the walls; it might rebound, it might free other particles, and it will eventually stick to the walls until a balance is reached in which dust is moving along with the gas and is kept levitating by the gas drag. The timescale for reaching this balance is negligible. With the initial dust load then fixed at a maximum level, the evolution (aggregate growth) will always proceed in the same way and on the same timescale. Equation (4) thus holds for all single experiments. The dust that already sticks on the inner walls of the turbomolecular pump plays a role in establishing the balance mentioned before. With a clean pump less than the maximum dust load is reached. However, after a few runs a saturation is reached, and aggregation will always be set off with a maximum dust load. All experiments have been performed with a turbomolecular pump whose inner parts were already covered with dust. No significant change in the evolution of dust aggregates takes place for the individual experiments. This has been verified during experiments in the past.
For each experiment we averaged the light-scattering signal for 0.1 s in the first second, and we averaged the signal for 1 s at later times. As can be estimated from Figure 2 , taking into account sedimentation velocities of several cm s À1 at the end and m s À1 in the beginning, even at the latest times we average over several thousand aggregates, with a steep rise in number of some orders of magnitudes going to earlier times and smaller aggregates. We thus regard the averaging as sufficient up to 6 s after dust injection. The scattered light at least up to this time of t ¼ 6 s represents an average aggregate sample with no significant statistical deviation. Only at later times does variation in a sampled distribution occur, as a result of individual very large aggregates dominating a 
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LIGHT SCATTERING BY LARGE DUST AGGREGATESmeasurement. One could account for this if another averaging over a large number of single experiments at a fixed scattering angle were carried out. However, because of the decrease in dust density in the beam, the number of experiments would have to be rather large. For analyzing 1 or 2 s more, the effort would easily go beyond the current project. Therefore, we restricted the analysis of data to the times for which an unambiguous average of a CCA dust distribution was obtained by a single experiment (t < 6 s). With a spacing of 2 , we measured the intensity for the scattering angle in the range from ¼ 14 to 164 in single experiments, as described before. The acceptance angle of the detector is AE1=9. As mentioned above, we regard the errors due to variation of the aggregate distribution within the dust beam as negligible. Therefore, one experiment at a given angle is sufficient. There is no dependence on the order in which light scattering at the different angles is measured. However, we did the same sequence of measurements twice, the second time going back from ¼ 164 to 14 in 2 steps. Within the errors mentioned below, the results were the same for both measurements at given angles.
As error estimates for the intensities, we take the variation in intensity for measurements made at ¼ 90 . Since the reference detector is placed at 90 , the ratio between the sum of intensities measured by the two signal detectors and the reference detector should not change. Mostly because of slightly different fields of view and minor aggregate beam variations, the signal to reference ratio at 90
varies within approximately AE5%. We estimate that additional systematic errors in these intensities are less than 5%. This mostly accounts for the differences in amplification of the signal detectors. The systematic errors are of minor importance for the intensity plots (which are normalized). They might lead to a systematic shift of the polarization curves. However, they do not influence the interpretation of signal evolution with time for a given angle.
RESULTS
Polarization
For the polarization P we define the ratio
between the polarized intensity measured orthogonal and parallel to the scattering plane, I o and I p , respectively. It is our aim to see the effect of aggregate growth on the optical properties of CCA particles. This has sometimes been doubted, and our previous results were ambiguous. We also want to know how the evolution might be characterized. We should note that we do not aim to measure any specific Mueller matrix elements (S), as is often done (Volten et al. 2001; Munoz et al. 2000) . This would be preferable, but is beyond the scope of our project for now. Because of the fixed polarization of the light source, our definition of polarization P is not given just by S 21 /S 11 , S mn being elements of the Mueller matrix, but also includes the elements S 13 and S 23 (e.g., Bohren & Huffman 1983) . Figure  4 shows our measured polarization for three different times corresponding to three steps in the evolution of the signals. Figure 5 shows the full time sequence of the evolution for three given angles.
The solid line in Figure 4 denotes the signal shortly after injection (t ¼ 0:04 s) of the dust particles. This corresponds to monomers, or to very small aggregates consisting of less than five monomers. The polarization shows the typical oscillations expected for spherical particles of the given size. Keeping in mind that the particles used in these experiments contain several percent water and are not as homogeneous as glass from a melt would be, and that the beam already consists of dimers and small aggregates, the curve can be fitted quite well by Mie calculations (sphere calculations) using a refractive index of n ¼ 1:48 for a wavelength of 680 nm.
For most angles the degree of polarization (absolute values) decreases for the first half-second (see Fig. 5 , dashed and dotted lines). It increases afterward for approximately the next half-second and finally monotonically decreases for the remainder of the time at least up to t ¼ 6 s after injection. There is no visible tendency that this trend will stop for even larger aggregates beyond the size of the aggregates analyzed in our experiment. The last moment with useful data (6 s after injection) is defined by the fact that the dust beam intensity decreases to the point where we can no longer measure it. The angular dependence of the polarization at this time is plotted by a dash-dotted line in Figure 4 . As can be seen, the changes over time are rather large. The change in polarization for, e.g., 74
( Fig. 5 ) is 0.6, which is 30% of the total range available for polarization values.
Intensity
In this paper we use intensities normalized to unity at the scattering angle ¼ 90 , denoted as I N and defined as
where I r is the intensity measured by the reference detector at ¼ 90 . We can observe a similar behavior in the intensity and the polarization. Figure 6 shows angular intensity distributions at three different times when major changes occur. The solid line denotes the intensity at injection, the dotted line reflects intensity at t ¼ 0:36 s after injection, and the dash-dotted line is the signal 6 s after injection, which is the latest time considered here. Figure 7 shows the time evolution of intensity for three given angles. This best visualizes the change in scattering due to aggregate evolution.
Intensity monotonically grows fast in the forward as well as in the backward direction with respect to scattering at ¼ 90 for approximately the first half-second. The signal then rapidly decreases in both the forward and backward directions for another half-second. It continues to decrease at a slower pace for larger times with a more subtle behavior at the end (t ¼ 6 s). The amplitudes in the intensity oscillations in the backward-scattering hemisphere then seem to wash out a little, resulting in a slight increase in intensity for angles corresponding to minima in the oscillations, as seen, for example, in Figure 7 for ¼ 114 (solid line).
DISCUSSION
The data show some things that we expected. Other features were rather surprising.
With a size parameter of x ¼ 6:93, the individual spheres are already relatively large, but one might still expect a short-range interaction between neighboring spheres. Indeed, there is an initial growth in intensity in the forward direction for the first half-second. In addition, there is an enhancement in scattering in the backward hemisphere. It should be noted that the changes mentioned here for intensity are always with reference to the intensity of scattering at 90 , so they are relative comparisons, not absolute values. After half a second (t % 0:4 s), the average overall aggregate size is somewhere around 4-5 lm, equivalent to a radius of R ¼ 2-2.5 lm. If we define a size parameter
for the aggregate as an analog to equation (1) to characterize the scattering behavior, we get X % 20 for that time. It would be plausible for the changes in intensity to stop here, as a result of the large size parameter and an increasingly larger void area with increasing size. Therefore, the initial change in intensity, up to a maximum value, might be expected. The same is true for the polarization. For most angles the polarization decreases for the first half-second (absolute values), as might be expected from interactions between the spheres. However, the intensity in the forward as well as in the backward direction decreases afterward as fast as it increased before to levels even below the initial intensity. This decrease continues at a slower pace after 1 s. Corresponding features can be found in polarization, which increases quickly up to 1 s after dust injection. In contrast to intensity evolution, there is no monotonic behavior, however. Polarization again decreases after this time.
If we expect the short-range interaction to be restricted to small aggregates, we have to explain why there is an ongoing and a different change for larger aggregates. The answer might lie in considering light interaction within a dense dust ) as a function of scattering angle, , in 2 steps. Solid line, intensity at injection of dust (monomers and very small aggregates); dotted line, maximum increase in the forward and backward direction at t ¼ 0:36 s after injection (intermediate-sized aggregates); dash-dotted line, intensity at the end of the measurements, t ¼ 6 s after injection (large aggregates); errors are 5% at a given angle. cloud. At first glance, this problem is not obviously related. However, even with a cloud of particles in which every particle can be regarded as an individual scattering center, there can still be interactions between particles in the cloud, in the guise of another name-multiple scattering. Multiple scattering offers an explanation for the slow decrease in intensity and polarization from t ¼ 1 to 6 s after dust injection. As seen in equation (3), CCA aggregates are described by a mass that approximately grows with R 2 . Any power larger than 2 and large aggregates would be optically thick. With a power of 2, most monomers are visible in a cross section. There is nevertheless a high probability that a light ray originating in the aggregate will meet another monomer within the same aggregate. In addition, we also have to consider that short-range interaction volumes surround a sphere. So, if we go further and draw a larger virtual sphere around each monomer, representing this short-range interaction volume, then it is even more likely that a ray will be scattered more than once in the aggregate. Multiple scattering could thus get to be very important. The overall effect would be to wash out polarization and intensity functions, as is observed in our data. We therefore propose that multiple scattering within larger aggregates is a working mechanism that can significantly influence the intensity and polarization curves of scattered light.
There is still the second half-second, with the sharp dropoff in intensity and increase in polarization, which has to be explained. As for intensity, it might be that this is part of the decrease due to multiple scattering, which would then be most effective on a scale just larger than the short-range interaction scale. This would be plausible, since in much larger aggregates the voids are growing in a CCA even with the virtual larger spheres. The overlapping virtual shortrange interaction spheres would fill more than the whole aggregate if the aggregate is small. Multiple scattering would then be important on an intermediate scale.
This cannot be the explanation for the observed polarization, since multiple scattering would hardly increase the amplitudes of the oscillations seen in polarization for the time between approximately 0.5 and 1 s. However, there is another effect that we have not mentioned yet. The aggregates might significantly align in the dust beam because of gravity and interactions with the embedding gas. This was studied in an earlier paper . As the particles settle they move through a gas at rest. This is equivalent to a wind in the reference frame of the particles, which leads to alignment. The longest dust aggregate axes are preferentially oriented along the vertical axis. This alignment occurs on the order of a few friction times, f , of the aggregates, the time needed for a particle to couple to the gas. At the low pressure of p $ 1 mbar, the corresponding friction times of the aggregates are a few ms (Blum et al. 1996) .
We expect that the particles are not aligned or are differently aligned within the turbomolecular pump. They will align once they leave the nozzle in the experiment chamber. The distance between the nozzle and the light-scattering volume is approximately 2 mm. Therefore, only aggregates that leave the nozzle with velocities below 1 m s À1 will get aligned. This velocity is reached approximately 1 s after injection. As mentioned above, the aggregates are much faster before this time. Therefore, the increase in the degree of polarization up to 1 s might be due to the alignment of the aggregates. It seems like a rare chance that 1 s marks a change in the evolution of intensity as well as in polarization if the explanations for the changes are different. It might also be that the change in intensity is linked to the alignment of the aggregates, but this seems harder to explain.
APPLICATIONS
So far, our experiments with aggregates of particles have concentrated on material with moderate optical constants. A significant fraction of dust particles in astrophysical environments are silicates, and moderate optical constants would be appropriate to describe them.
As far as scattered radiation is observed, the intensity of large aggregates might not peak in the forward direction, at least not as strongly as might be expected from the aggregate or monomer size. Our results suggest that even if an initial growth of submicron particles to larger aggregates were to result in an enhanced forward scattering (as might also be guessed from calculations, e.g., those by Kimura 2001), multiple scattering in a larger aggregate could diffuse the scattered radiation again. If astrophysical environments are optically thin with respect to the whole dust particle distribution, then multiple scattering within individual aggregates might still imprint its signature on observations. Large aggregates might be regarded as local enhancements in dust density. The '' effective '' extinction of a dust ensemble would thus increase with growth, and could be interpreted as higher dust densities if multiple scattering were not considered.
To give a concrete example, we refer to the detection of spatially resolved mid-infrared scattered light from the HK Tau B disk (McCabe, Duchêne, & Ghez 2003) . HK Tau B is surrounded by a protoplanetary disk that has been resolved at a wavelength of 11.8 lm. Here, the flared surface of the disk is supposed to scatter light from the inner disk toward the observer. There is ongoing research in interpreting observations with respect to particle sizes in this disk. The disk is almost viewed edge-on. The extended 11.8 lm data is interpreted as evidence for the existence of a significant fraction of dust grains with sizes between 1.5 and 3 lm. This result is based on the fact that particles that are small with respect to the wavelength scatter diffuse, large (spherical) particles more in the forward direction, and that the disk is not seen as pointlike but is also not extended to the entire length of the disk at 11.8 lm. As far as size parameters of individual grains are concerned, this is comparable to the values for the individual monomers in our experiments. Within the measured range of parameters, our results can thus be applied directly here. The experiments show that only for small aggregates will growth lead to scattered light that is focused more in the forward direction. However, for large aggregates the radiation is diffused again. This would mimic smaller compact particles as far as angular scattering is concerned. Therefore, in contrast to the conclusions that have to be drawn based on Mie (sphere) calculations (McCabe et al. 2003) , larger particles, as long as they are fluffy aggregates, can easily be present, and the observations at 11.8 lm do not rule out larger particles. Because of the effect of diffusing radiation, an observed upper size limit might actually indicate larger aggregates. With regard to the small-scale interactions, which are present in aggregates, the particle sizes derived by McCabe et al. (2003) might be the result of smaller building blocks-for example, interstellar grains in the aggregates.
It might well be that the different results that have been derived for particle sizes from observations of HK Tau B at different wavelengths might be attributed to and explained by the aggregate nature of the particles. This is mere speculation, however. It is far beyond the range of our experiments, which are just one step in this direction.
Another example to which our data might be applied is the '' Butterfly Star,'' IRAS 04301+2247, as thoroughly modeled by Wolf, Padgett, & Stapelfeldt (2003) . As outlined by Wolf et al. (2003) , modeling is ambiguous and many parameters enter in. An attempt to model this disk is not intended here, and is far beyond this paper. However, IRAS 04301+2247 is also an edge-on disk, and the optical and near-infrared radiation from the lobes above the poles is determined by scattering. Wolf et al. (2003) derive sizes for particles in the disk of up to 100 lm. There is little doubt that these particles are aggregates. Modeling of the disk is strongly dependent on the parameters entering the radiative transfer calculations. Including data such as angular resolved scattering by aggregates as presented here might improve modeling. Furthermore, Wolf et al. (2003) suggest that smaller grains are present in the lobes above the poles of the star because of the high contrast against the dense disk in the middle. As outlined above, the diffuse scattering by CCA aggregates, which are supposed to be there, might account for this. There might certainly be differences in size, which depends on the location in the system, but as far as the detailed size is concerned, aggregates might need to be considered.
For our third and last explicit application, we refer to the determination of grain sizes by extinction measurements of the large protoplanetary disk in Orion (Shuping et al. 2003) . Shuping et al. (2003) conclude that the average grains at the edge of the disk are larger than 1.9 lm but not larger than 4 lm, due to the onset of chromatic extinction at an observed wavelength of 4.05 lm. As they suggest in their paper, this might not be due to grain size but to the size of the typical scatterer. While our experimental results do not allow specific statements about extinction, they suggest that the differences between considering spherical particles and fluffy aggregates are not negligible. If multiple scattering within an aggregate is the explanation for our data, then extinction in protoplanetary disks will change accordingly.
With respect to the different size scales found in our experiment, it should be noted that grain sizes derived from observations might not reflect the actual size of the particle. Especially as far as upper cutoffs are concerned, these estimates might be misleading. As growth of aggregates will often proceed as cluster-cluster aggregation, there might always be a maximum small scale of interacting neighboring particles, but the overall aggregate size may be significantly larger. Based on the assumption that aggregates are present, an upper size limit determined by Mie calculations might actually be an indication of larger fractal CCA aggregates.
The results could also be important for climate modeling. As the energy budget of the Earth depends on the radiation transmitted to the surface and reflected back to space, the angular dependence of scattering becomes important. If, for example, aggregates of dust or ice particles grow large in the atmosphere, then this could influence the energy balance. More radiation would be scattered back to space and would result in a net cooling effect (Baran et al. 2001 ).
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